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QUARTERLY NOTES. 


The New Zealand Midland Railway 
Electrification. 

The English Electric Company, Ltd., 
have recently obtained from the New 
Zealand Government the complete con- 
tract for the electrification of the 
Arthur’s Pass section of the Midland 
Railway of New Zealand. 

The railway at present runs from 
Greymouth, on the West Coast, to 
Otira, and from Lyttleton, on the East 
Coast, to Arthur’s Pass, the two inland 
stations being on opposite slopes of the 
range of mountains which divides the 
South Island. To connect the two 
lines the New Zealand Government 
have constructed a tunnel between 
Otira and Arthur’s Pass, and as the 
ruling gradient between the two 
stations is I in 33, electrification of 
this section was the only practicable 
course. The length of the section is 
8} miles, of which rather more than 
5 miles are tunnel. The highest point 
on the line is 2,400 ft. above sea-level, 
and 1,200 ft. above Otira. The climatic 
conditions are unusually severe; at 
Otira the annual rainfall approaches 
200 inches, while snow is common in 
the district in winter and gales of 
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great violence from all directions are 
experienced. 

The contract includes the provision 
of the power plant, the transmission 
line, and the complete equipment for 
the electrical operation of the section, 
including main-line locomotives for 
passenger and goods trains. The con- 
tractor is also required to furnish the 
tunnel lighting installation, to equip 
repair shops at Otira, and to train the 
staff needed for the operation of the 
line. The system adopted is 1,500-volt 
direct current with overhead contact. 
The power house will be situated at 
Otira Station, and the power will be 
generated by geared turbine direct- 
current sets. It is proposed that the 
boilers should consume dust fuel, in 
order to utilize the product of a number 
of local mines at which coal too fine 
for ordinary purposes is raised. 

The English Electric Company ob- 
tained this contract on the merits of 
their tender and in the face of keen 
foreign competition. The railways,of 
New Zealand are at present all steam 
operated, and it is not the intention of 
the Government to electrify for the 
time being more than the Arthur’s 
Pass section. It is the more gratifying 
that the first electrification contract in 
the Dominion, and, indeed, the first 
since the war in the British Empire, 
should have been given to a British 
firm. 


The Electrification of the Midi Railway 
of France. 


We referred in the April number of 
the Journal to the electrification of the 
Midi Railway of France, the contract 
for which has been given to the 
Constructions Electriques de France, 
the French associates of the English 
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Electric Company. The works at 
Tarbes in the Pyrenees, at which the 
French Company will manufacture the 
hydraulic turbines and the mechanical 
portions of the locomotives required by 
the Midi Railway, are now under con- 
struction, and orders have been placed 
for the manufacture in England by the 
English Electric Company of ten slow- 
speed alternators, eachof8,oo00 K.V.A., 
to be coupled to the water turbines, 
and of the complete electrical equipment 
of the first group of locomotives. The 
execution of the whole electrification 
contract is expected to extend over a 
period of at least ten years. 


Labour: Its Output and Reward. 


With this number of the Journal 
there will appear as a supplement a 
lecture which was delived recently by 
Mr. P. J. Pybus, C.B.E., Joint Managing 
Director of the English Electric 
Company, at the Manchester College 
of Technology. We are issuing Mr. 
Pybus’ lecture in this way as an inter- 
esting expression of individual opinion 
on a subject which directly concerns 
many readers of the Journal, and is of 
particular importance at the present 
time to the industries of the country. 
The lecturer begins with a discussion 
of the need for greater industrial output, 
and passes on to the question whether 
that need can be satisfied, and if so by 
what means. He examines current 
objections to the payment oflabour by 
results, and traces the reasons for these 
objections and the responsibility in the 
matter both of employers and employed. 
Finally, he discusses possible remedies 
and endeavours to show that no remedy 
can be of any value unless it is accom- 
panied by the exercise’ of reason and 
tolerance on both sides. 
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The Siemens Works, Stafford. 


The first three in this series of articles describing the several Works of the English Electric 
Company appeared in the January, April and July numbers of the Journal, and dealt with the 


Ordnance Works at Coventry, the Dick, Kerr Works-at Preston, and the Phenix Works at 
Bradford respectively. 


CorE BUILDING SHOP. 


THE ORIGIN AND LAY-OUT OF 
THE Works. 

The Siemens Works, Stafford, which were 
erected in 1903, were acquired by the English 
Electric Company in 1919 by purchase from 
Siemens Bros. Dynamo Works, Ltd. Stafford 
was originally selected by the latter firm, after 
full consideration of alternative sites in other 


parts of the country, as the most suitable town 
for the establishment of a works for the manu- 
facture of general electrical machinery ; and the 
estate which was bought was laid out in such 
a way as to provide, in addition to a modern 
works, recreation grounds and cottages for 
employes. The town is situated in a country 
district midway between the Potteries and the 
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Black Country, on the London and North 
Western Railway main line, with excellent rail- 
way communication to all parts of the country 

The works property is about 56 acres in 
extent, of which 5} acres are under roof, with 
a total floor space of 275,000 square feet. 

Even a casual inspection of the works gives 
ample evidence of the exceptionally favourable 
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ventilation and heating system. As will be seen 
from the plan printed with this article, the works 
consist of two main portions—one for the pro- 
duction of electrical machinery and the other 
for the manufacture of switchgear and appa- 
ratus. There are good general purpose shops and 
a small foundry, and the works have their own 
power-house for the generation of electricity for 


ERECTING SHOP. 


conditions in which they were erected. They 
were built by an electrical engineering firm 
which had long experience in the manufacture 
of electrical plant and was able to select an 
ideal site and there put up a factory on the 
most modern lines. The buildings are well 
lighted, and are equipped with an efficient 


lighting, power and test requirements. Ample 
accommodation is provided for general offices 
and for the technical staff and drawing offices. 
The several shops are extremely well served 
with railway sidings and internal tracks, and 
throughout the lay-out the scientific routing of 
material has been considered, ample space 
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having been provided for stores for raw 
materials, finished parts and finished machines. 
It thus becomes possible for material to be 
brought in, moved through the works during 
the processes of manufacture by a continuous 
progression, and ultimately despatched with the 


minimum of handling. 


It will be seen from the plan that a mess-room 


is provided on the estate near the works. 


Beyond this are the sports ground, the bowling 
and the 
and North Western main 


green, allotments near the London 


line. All these are 
managed by committees of men employed at the 
works in the interests of the employes as a 


whole. 


THE 


Since Siemens Brothers Dynamo Works, Ltd., 
had no other works for the manufacture of 


FUTURE OF STAFFORD WORKS. 


electrical machinery, they undertook at Stafford 
the manufacture of a wide range of machines. 
At the same time, the size of the larger types 
of electrical plant has gradually increased since 
the Stafford built. 
reasons, the works came to be making not only 


Works were For these 
a large variety of types of plant, but units both 
smaller and larger than those for which Stafford 
was originally designed. 

Since their acquisition of the Stafford Works 
the English Electric Company have been able 
to arrange for the manufacture of the extremes 
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of the Stafford range to be transferred to other 
factories. The Ordnance Works, Coventry, are 
undertaking in their light shops the manufacture 
of the smallest types, such as loom and fractional 
horse-power motors, and will build very large 
machines in their heavy shops. The Phoenix 
Works, Bradford, concentrate on the produc- 
tion of small machines. Moreover, since the 
accommodation at Stafford for the manufac- 
ture of Static Transformers has been found 
inadequate, larger shops devoted to this type of 
plant have been provided at Coventry. In this 
way it becomes possible to devote the whole 
capacity of the Stafford Works (apart from the 
Apparatus Shops) to the construction of the 
medium electrical machinery, for which they are 
particularly suited. 


This process of redistribution between the 
different works of the Company of the types of 
plant to be manufactured is one of the chief 
improvements in methods of production which 
the formation of the English Electric Company 
made possible. It is necessarily a gradual 
process, which must be carried out in such a 
way as not to disturb the execution of existing 
contracts and to ensure continuity of production. 
The experience of each works in the group is 
drawn on in the development of the most modern 
designs for every type of plant—designs which 
can be adopted as English Electric standards. 
In the elaboration of such standards the design- 
ing manufacturing experience of the 
Stafford Works over the whole range which they 
touched is of the greatest value. 


and 
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The Switchgear Problem in the Power House. 


By R. A. R. Botton. 


In the early days of electrical engineering, the 
main difficulty encountered was the production 
of plant which would generate the necessary 
power for the requirements of those days. The 
collection and distribution of such powers, on 
account of the comparatively small size of the 
generators and the small number of machines 
connected in parallel, was an easy matter, but 
when the size of the individual unit increased, 
and the number of units connected in parallel 
became larger, the strain on the collecting 
system, that is on the busbars and on the 
switches connected to them, became of greater 
magnitude. It may be stated here, that whereas 
the generator, in the event of trouble in the 
collecting system, has only to deal with its own 
overloads, this is not necessarily the case with 
the switches. A switch connected to an outgoing 
feeder has, for instance, if it is provided with 
automatic release features, to interrupt the 
whole power of the generator plant or plants at 
the back of it, together with any synchronous 
machinery in sub-stations which may at the 
time be connected to the system in question, and 
may feed back into the fault. Also, the fault 
current which has to be interrupted might, in 
the event of a dead short circuit, be the peak 
short circuit value of the generating plant. 

The initial value of the short circuit current 
of a generator may be anything between 10 and 
30 times the normal current, depending upon 
the characteristic of the machines; as_ the 
forces between conductors carrying this current 
increase with the square of the current, it will 
thus be seen that immense strains may be placed 
upon the switch-gear, busbars, connections, etc., 
when the plant reaches considerable magnitude. 

The generating plant proper has, in the last 
few years, been developed very rapidly, and 
units of 30,000 to 40,000 K.W. capacity are 
no longer unusual. The development of switch- 
gear, however, has not kept pace with the 
extraordinary development of generators. 

The problem before the switchgear designer 
now is either to introduce means which will reduce 
these strains on the switchgear in the event of 
serious trouble on the lines or connections, or, 
alternatively, to produce switches which will, 
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Fic. 1.—Stmp.Lest Form oF BusBars. 


independently of such means, deal with the 
short circuit values which may obtain under any 
conditions. 
The various means now in use for reducing 
such strains on the switchgear are :-— 
(1) Sub-division of the main station into 
sections. 


(2) Introduction of current limiting devices. 


(3) Introduction of some form of protective 
device which will cut out a faulty circuit 
when the fault begins to develop and 
before it has attained a dangerous 
magnitude. 


1. SUB-DIVISION OF THE MAIN STATION INTO 
SECTIONS. 

The method first adopted for sub-dividing a 

main station into eo was by means of 

duplicate busbars (Fig. 2). This, of course, is 


A 


B 


Fic. 2.—POWER STATION WITH DUPLICATE BUSBARS. 
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only equivalent to halving the power station. 
Besides reducing the strain upon the switchgear, 
it has the further advantage that the two sections 
may be run at different pressures, thus providing 
means of boosting certain feeders and ensuring 
a certain limited amount of regulation at the 
feeder ends. 

As the total power to be collected increased, 
however, the duplication of busbars soon proved 
itself inadequate, and it was necessary to resort 
to further sectionalising of the station. This 
sectionalising was obtained by dividing the 
busbars and connecting one or more generating 
units and a certain number of feeders to each 
section (Fig. 3). This arrangement, in a sense, 
divides up the station into a number of subsidiary 
stations, but obviously also introduces a number 
of disadvantages. It is not always possible to 
trun the various generators at their best 


Fic. 3.—PoOWER SrATION WITH SECTIONALISED 
BusBARs. 


efficiency : generators on certain sections will 
be underloaded, and others will be overloaded. 
Nor is it possible, without introducing further 
complications, to transfer a generator from one 
section of the bus system to another section. 

Furthermore, in a complicated network 
system, it becomes increasingly difficult to 
ensure that sections, which are divided from 
each other in the power station, are not inadver- 
tently connected together through the network, 
particularly if they are out of synchronism with 
each other. Thisisa notable danger in sub-stations 
as, in order to ensure an uninterrupted supply to 
these, it is usual to run two or more feeders, and 
in order to obtain the full advantage of this 
duplication of feeders, it is again common 
practice to connect them to different sections in 
the busbar system. 


Fic. 4.—PowER STATION WITH JUMPER ” 
CONNECTIONS. 


It will also be obvious that should a heavy 
overload or short circuit occur on a feeder of one 
section, another section could feed considerable 
power through such a sub-station into the faulty 
feeder, if the resistance offered by the two 
feeders in series is not sufficient to prevent this. 

Further sectionalising is obtained by means 
of so-called ‘‘jumper”’ bars (Fig. 4). This method 
merely consists in arranging the switchgear in 
such a manner that a particular generator can 
be connected either directly to the common 
busbar or bars, or, alternatively, straight 
through to a particular feeder. Provision is also 
generally made to allow this feeder to be con- 
nected, when necessary, directly to the main 
busbars. 

The difficulty of transferring the generators 
from one section of the busbars to another can 
be overcome by the introduction of still further 
complications, namely, transfer bars. As will 
be seen from Fig. 5, this method consists purely 
in the introduction of one or more, normally 
idle, continuous busbars. Any one of these bars 


Fic. 5.—SECTIONALISED POWER STATION WITH 
TRANSFER Bar. 
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can, at any moment, be connected to one or 
more of the generators, and at the same time to 
a particular section of the station which may 
need assistance at a critical moment. But it 
will at once be obvious that even this is very 
ineffective, unless we have a large number of 
transfer bars running the whole length of the 
switchboard, as each bar can only be employed 
to render assistance to one section of the station 
at a time. 


In order to get greater flexibility in any of 
the busbar methods of connection hitherto 
described, such busbars are often carried out on 
the ring main principle, that is, the two ends 
are joined together through another set of bars. 
It is usual in such arrangements to place 
isolating links in different parts of the busbars, 
in order to facilitate cleaning as well as sectional- 
ising the bars, or cutting out faulty sections. In 
place of isolating links, circuit breakers are 
often employed, to enable the interruption to 
be made while transfer of load is taking place 
between sections. It is then also usual to 
arrange feeders and generators in such a 
way that each portion can be considered 
a self-contained unit or section of the station, the 
generator and feeder loads on a_ particular 
section being balanced as nearly as possible. 


It was previously intimated that sectional- 
ising of the busbars had considerable disadvan- 
tages from the point of view of efficient running 
of the power plant, and means were sought for 
inter-connecting sections, but in such a manner 
that the various sections would not feed any 
considerable amount of load into a fault 
occurring on a feeder connected to another 
section, 


It should here be noted that where large 
powers are concerned, and where the distributing 
system is of a certain magnitude, higher 
pressures have of necessity to be employed, as 
otherwise the connections and feeders would 
involve an excessive outlay in copper, and 
because the difficulties of interrupting large 
powers increase more rapidly with an increase 
of current than with an increase of pressure. 
This, of necessity, leads, in view of the present 
state of the art, to the employment of alternating 
current plant. Consequently, in discussing 
layouts and arrangements of large power 
stations, we need only consider alternating 
current systems, and when dealing with alter- 
nating current, we have a ready means, in 
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the choking coil or reactance, for preventing 
large amounts of power from flowing from 
one section into another. Such a reactance 
usually takes the form of a coil wound 
on an insulating base without an iron core, 
and is connected between two sections of 
busbars. 


It will be seen that, should a heavy overload 
occur on a particular section, the generators 
connected to that portion of the busbars will 
feed into the fault, but the amount flowing 
from adjacent sections will be limited by the 
reactances interposed between the sections. A 
choking coil of this nature is, however, a device 
that introduces a certain element of danger. It 
is a bulky piece of ‘apparatus, and has to be 
suitably insulated for the pressure on which it 
is used, and since this pressure is usually high, 
a large amount of insulating material must be 


Fic. 6.—PoweEr STATION WITH CHOKING COILS 
IN CIRCUIT. 


used. At the same time the mechanical stresses 
in such a reactance are very considerable ; on 
a heavy current passing through it the turns 
will tend to straighten out and superimposed 
coils will try to come together. 


There are, of course, quite a number of other 
ways of sectionalising power stations, but on 
analysing the various diagrams used, it will be 
found that they all reduce themselves in 
principle to one or other of the schematic forms 
instanced above. 


Though these arrangements may, in certain 
cases, meet the full requirements of the power 
station as regards distribution and sectionalis- 
ing of the load, it must, nevertheless, be borne 
in mind that if the arrangement is complicated, 
the chances of making mistakes in switching, 
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and the difficulties in following out connections 
and dealing with the plant under emergency con- 
ditions, are increased. That is, unless the 
operator has a very clear diagram in front of 
him and can rapidly visualise the alternative 
paths produced by such a switching scheme, he 
is not in a position quickly and effectively to alter 
his method of distribution or cut out faulty 
sections without interfering with the healthy 
ones. 


Furthermore, all connections and_busbars, 
circuit breakers, isolating switches, etc., are a 
potential danger. They must be supported by 
insulators which are exposed to considerable 
stresses under emergency conditions. In com- 
plicated arrangements it is also a very difficult 
matter to avoid the crossing of conductors 
and the consequent greater possibilities of 
short circuit between these. It cannot be 
sufficiently emphasized that these connections 
must be as simple and as straightforward as 
possible. The operator must at one glance be 
able to see the run of his connections. The 
number of insulators, the number of apparatus, 
and the number of lengths of such connections 
must be reduced to a minimum and the 
operations to be carried out must be as 
simple as possible. Any complications in 
the method of connection, any hesitation in 
carrying out a switching operation, may have 
disastrous results. 


2. INTRODUCTION OF CURRENT LIMITING 
DEVICES. 

It has been proposed, and in a large number 
of cases the proposal has been carried into 
practice, to introduce additional choking coils 
into the generator and feeder circuits, which 
would (1) limit the power flowing from the 
generators to the busbars; or (2) limit the power 
flowing into a faulty feeder ; or (3) a combination 
of both. Such limiting reactances, particularly 
in the feeders, can be made effectively to reduce 
the fault current. On the other hand, they 
introduce considerable permanent losses which 
are very noticeable on overhead transmission 
lines. In addition to this, they bring into 
use, as already stated above, a piece of 
apparatus which is in itself fragile, costly and 
bulky, and if it is desirable to minimise the 
number of pieces of apparatus or devices which 
are liable to failure or breakdown, these must, if 
possible, be avoided. 


j 


When the generator voltage has to be raised 
to a higher value by means of a transformer, 
this is often used in place of the generator 
reactance, and is connected between the busbar 
switch and the generator, thus obtaining a 
similar result as with the generator reactance, but 
without increasing the losses in the system. It 
is usual in such cases to treat the generator and 
transformer as one unit and not to interpose 
automatic switches between the two. This 
méthod has obviously further advantages. It 
permits of the generator being wound for 
the most economical voltage irrespective of 
the busbar potential. It ensures that since the 
generators are usually run at full load, the 
transformer likewise runs at full load, thus 
avoiding large transformer units being run only 
partially loaded, that is, inefficiently. On the 
other hand, the flexibility is somewhat reduced 
in that it is not readily possible to connect a 
generator to another transformer in the event 
of one or the other having broken down. Break- 
downs on transformers, however, are now no 
longer very common, and transformers can, as 
a rule, be considered mechanically safe as com- 
pared with the generators. If, on the other hand, 
a generator is out of commission, and the total 
output of generators and transformers is equal, 
the services of the undamaged transformer will 
not be required. 


In the foregoing we have dealt with means 
which will reduce the amount of the fault 
current should a fault occur, and we will now 
describe methods which aim at preventing 
the development of a fault before it reaches 
dangerous dimensions. 


3. PROTECTIVE DEVICES WHICH WILL CUT 
OvuT A CIRCUIT WHEN THE FAULT BEGINS 
TO DEVELOP. 


During the last few years quite a number of 
devices have been patented and put on the 
market, all of which aim at the cutting out of 
a faulty circuit at a stage when the fault is 
small. These means can be roughly divided into 
two classes :— 


(1) Devices which depend on input into a 
feeder being equal to output, that is,on the two 
ends of the feeder being balanced. Ifa fault occurs 
between these two points, there is obviously 
more power flowing into the feeder than is 
coming out at the other end. Relays or similar 
mechanisms respond to this difference and cause 
the switches at one or both ends of the line to 


Spee 
124 
ote 
, 
| 
ae 


tHe ENGLISH ELECTRIC JOURNAL 


cut out, thus cutting off the faulty circuit. Such 
devices are very often arranged so that they do 
not respond to overloads, the idea being that a 
feeder should “‘ hang on” and not be cut off 
owing to a momentary overload, the other 
switches on the distributing system being relied 
upon to disconnect the faulty subsidiary circuit. 


(2) The other class of apparatus is based on 
the balance of the three phases; that is in a 
healthy well balanced circuit the resultant 
magnetic effect at any given moment is zero. 
If this balance should at any time be disturbed 
by leakage on one or other of the phases, the 
relay will respond and cut out the faulty 
section. 

Such devices are applicable both to overhead 
and underground transmission lines. It is 
obvious from the nature of the devices, however, 
that their main application is on underground 
feeders. The cable invariably breaks down more 
or less gradually, and a fault develops more 
slowly than would be the case on an overhead 
line. With the overhead line the proposition is 
rather different, as in this case we are usually 
dealing with the breaking of a conductor and 
possibly a sudden and intense short circuit. 
Some of these devices have proved themselves 
eminently successful, and have enabled stations 
to be run with considerable safety although 
the switches employed would, under other 
conditions, not have been considered safe 
for the magnitude of the installation in 
question. 

It should, however, be noted that even such 
devices may, under certain conditions, be the 
cause of producing worse strains on the switch- 
gear than would be the.case if they were not 
employed. For instance, if the fault which is 
gradually developing should suddenly show a 
considerable increase and develop into a “ dead- 
short ” at the moment when the switch, which 
has previously received its impulse, begins to 
open the circuit, the total power may be 
interrupted at the peak of the short circuit 
curve, thus placing immense strains on the 
automatic circuit breaker in question. 


When a generator is short circuited, the 
characteristic curve shows a peak on the first 
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half cycle, which usually dies down to the 
normal short circuit value of the generator 
within the first 10 or 15 cycles or sometimes 
less. The switch receiving its impulse on the 
first half cycle requires time for its operation, 
and usually opens when the short circuit is 
decreasing in magnitude, and, consequently, it 
interrupts the fault under more favourable con- 
ditions. Thus the strain on the automatic 
switch may be greater in the instance previously 
described than would be the case if the switch 
were provided with overload protection only. It 
should be noted that the possibility described 
above is very remote, but, nevertheless, in a 
power station where a very large factor of 
safety is demanded, and where the switchgear 
arrangements are such that a breakdown in a 
particular automatic may cause damage to the 
machinery or other parts of the system, such 
possibilities, even if remote, must be taken 
seriously into consideration, and arrangements 
made that even these remote possibilities are 
effectively dealt with. 

Overload relays with definite time-limiting 
settings, that is, time-limit devices which cause 
the automatic switch to open when a certain 
overload is reached but only after a pre- 
determined time has expired, and irrespective 
of the magnitude of the current flowing into the 
fault, are occasionally employed to safeguard the 
circuit breaker from functioning at or near a 
peak value on the short circuit. , Such an 
arrangement, though it reduces the load on the 
automatic switches under emergency conditions, 
can, nevertheless, not be considered a satisfac- 
tory solution from the point of view of the 
system as a whole, as it unduly prolongs the 
overload strain on the system. 


In the foregoiiug we have shown various 
means and methods for adapting the apparatus 
to do work which may be beyond its capacity, 
but it will be seen that all these means, while 
increasing the factor of safety from one point 
of view, are not in themselves a complete 
solution of the problem. 


The solution lies in the correct design of 
the oil-switches and the proper lay-out of 
the power station. 
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Fic. 1.—GENERAL LAy-out OF HEATING FURNACE AND MILL. 


A new plant of very considerable interest has 
recently been completed at the works of Messrs. 
Richard Johnson & Nephew, Ltd., Manchester, 
for dealing with large outputs of wire rod of 
various sizes, but mainly of No, 5 and No.6 gauge. 

An entirely new shop of approximately 560 ft. 
long by 190 ft. broad has been laid out and 


equipped with the most modern devices for the 
efficient handling of a large output of finished 
material. 

Fig. 1 shows the centre and left-hand bay at the 
incoming end of the mill, from which the general 
lay-out of the heating furnace and mill is 
clearly seen. 
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The heating furnace, which lies immediately 
in front of the roughing train of the mill, is of 
the continuous type, and is designed for 20 tons 
of billets 2 in. square by 28 ft. long per hour. 
It is gas-fired, the gas being supplied 
from producers of the revolving grate type, 
are built below the mill 


which ground 


level, as seen on the left-hand side of Fig. 1, 
to facilitate coal handling and the run of the 
necessary gas piping. The coal supply is water 


borne, a canal running alongside the wall of 
the new shop. 


The mill is of the continuous type, and is 
divided into a roughing train with ten stands 
and two finishing trains, each with seven stands 
of rolls Two billets, issuing together from 
the furnace, enter the roughing mill simul- 
taneously, and after passing through, are 
carried by two leading-out pipes to the remote 
end of the two finishing stands, where one piece 
is automatically returned to the right-hand 
finishing mill and the other to the left-hand 
finishing mill. 


As the finished wire rod comes from the rolls, 
it is caught by revolving drums which coil the 


Fic. 2.—2,750-H.P. RouGHInGc MILL Drivinc Motor witH SMALL BARRING Motor. 
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. 3.—ONE OF THE Two 750-H.P. FintsH1nc MILt Morors. 


rod. The coils, as soon as the pass is finished, 
are deposited by an hydraulic pusher on to 
a transverse conveyor, which in turn leaves 


them on a conveyor running the length 
of the shop and which carries them to the 
unloading bank. The operation is thus auto- 
matic from beginning to end, no manual 
handling whatever taking place at any stage of 
the process. 

The mill and furnace are designed by Mr. 
Jos. Phillips Bedson, M.Inst.C.E., late General 
Manager for Messrs. Richard Johnson & Nephew, 
Ltd, son of the late George Bedson, of Man- 
chester, who brought out in 1862 the original 


patent for the continuous system of wire rod 
rolling. This system has been largely developed 
in the United States of America by the late 
Charles H. Morgan; and on these lines this mill 
has been laid out. It can roll a 2-in. billet, 28 ft. 
long, weighing 364 lbs., to a No. 6 wire rod in a 
minute, and can finish two such rods at one and 
the same time and, if need be, in two different 
sizes In this the mill is unique. Further, the 
gearing of the mill is of machine cut, double- 
helical type, in cast steel, which represents an 
important advance, as in the past bevel gearing 
has been used. Consequently, the efficiency of 
the gear is very high. 
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The whole of the lay-out and erection of the 
furnace and electrical equipment was carried out 
by Mr. Bedson’s son, Mr. N. P. Bedson, B.Sc., 
A.M Inst.C.F., M.1.E.E., etc. 

The roughing mill and two finishing mills are 
each separately driven by constant speed 3-phase 
motors, the drive being through double-helical 
gear wheels running in an oil bath. The speed 
of the motors corresponds to the speed of one 
of the pairs of rolls, and the ratio of the wheels 
is such that the speed of the successive rolls is 
in the correct relationship with the varying 
speed of the metal. 

The driving motor for the roughing mill is of 
2,750-H.P. continuous output, and is designed 
for working on a 6,600-volt, 3-phase, 50-cycle 


supply, and runs at a speed of 500 R.p.m. This 
motor is shown in Fig. 2, together with the 
barring motor behind it, this small machine being 
used for setting the rolls. The over-running 
clutch between the two is clearly visible, which 
automatically throws the barring motor out 
of gear when the speed of the main motor 
exceeds that of the barring machine. 


Each of the finishing mills is driven by a 
750-H.P. 3-phase motor running at 750 R.P.M., 
the arrangement of the drive being similar to 
that of the roughing mill motor. 


Fig. 3 shows one of the 750-H.p. motors, 
which is in the same house with the roughing 
mill motor, the other finishing mill moter being 


Fic. 4 —ParTIAL VIEW oF Motor House. 
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on the remote side of the second finishing train. which is in full view of the mill. On each side 
A partial view of the motor house is obtained of the central motor control panel are the 


from Fig. 4, with the roughing mill motor in the _ levers, which operate 


the hydraulic 


remote background, and the switchgear and pushers for unshipping the finished coils on 


Fic. 5.—SuB-STATION SwITCH-BOARD, SHEWING CELL TYPE, REMOTE 
CONTROLLED HAND OPERATED SWITCHGEAR. 


to the conveyors. 
The motor con- 
trol panel is 
equipped with 
a “stop” and 
“start”? push 
button for each 
motor, with an 
indicating lamp 
fixed immedi- 
ately above, and 
an ammeter 
reading the static 
current between 
each pair of 
buttons. 

The pressing of 
a “start ’’ push 
button energises 
the operating 
coil of the oil 
switch control- 
ling the corre- 
sponding motor 
stator circuit, 
which closes, and 
in closing makes 
the circuit of an 
auxilliary motor 
attached to the 
starter. This 
runs up to speed 
and winds the 
blades of the 
starter into the 
liquid solution 
at a rate 
controlled by 
a current relay 


starters in front, The control platform can be in the static circuit of the main motor. 
seen on the left, and the complete control of the On reaching the “ full in’’ position of the 
mill is carried out by operators on this platform blades, the auxiliary motor is automatically 
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disconnected from the supply 


and stops. them clean from dust and injurious fumes. 


The reverse action takes place when a “stop” The reduction gearing on the mills was sup- 


button is operated. 


The main oil switch is _ plied by Messrs. David Brown, of Huddersfield, 


opened, and the starter motor runs in the and the electrical plant was built at the Stafford 


reverse direction 
until the blades 
are lifted clear of 
theliquidsolution 

Electrical power 
is purchased from 
the Manchester 
Corporation, and 
the incoming sup- 
ply at 6,600 volts 
is dealt with in a 
substation,shown 
in Figs. 5 and 6, 
which give a good 
idea of the cell 
type remote con- 
trolled hand- 
operated switch- 
gear supplied. In 
Fig. 6 the 
auxiliary direct- 
current lighting 
board is seen on 
the right. 

The whole of 
the high tension 
and other cable 
work between the 
sub - station and 
the motor-houses 
is carried through 
specially con- 
structed tunnels 
under the works, 
the cables being 
supported by 
brick-work racks 
built into the 
sides of the 
tunnel. A motor- 
driven fan forces 
a supply of 
cooling air 
through the tun- 
nels, the outlets 


Fic. 6.—ANOTHER VIEW OF SUB-STATION SWITCH BOARD WITH 
AUXILIARY DiRECT-CURRENT LIGHTING BOARD TO THE RIGHT. 


of which are arranged underneath the motors, Works of Messrs. Siemens Bros. Dynamo Works, 
ensuring that a clean and cool supply of air is Ltd., which are now amongst those controlled 


blown out into the motor-houses, thus keeping 


by the English Electric Company. 
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Test Corrections for [Impulse Steam Turbines. 


By R_ LIVINGSTONE, A.M.L.E.E 


Steam turbine efficiencies are usually given 
with reference to the Rankine cycle. In the 
Rankine cycle the steam is expanded adiabati- 
cally, i.e. without gain or loss of heat from or 
to any external source. If a turbine had an 
efficiency of 100 per cent. compared with the 
Rankine cycle, then all of the work of expansion 
would be converted into useful energy. 

For convenience in steam-turbine calculations 
the heat-entropy diagram shown in Fig. 1 is 
used. In this diagram vertical lines represent 
constant entropy or lines of adiabatic expansion 
(100 per cent. efficiency), and horizontal lines 
represent constant heat, or throttling lines (zero 
efficiency). 

To obtain the heat content available in 1 lb. 
of steam expanded adiabatically from, say, 
250 Ibs. abs. at 700° F. to 1 lb. per sq. in. abs., 
measure the vertical distance from the intersec- 
tion of 18°65 kg. per sq. cm. and 371° C. to the 
0:07 kg. per sq. cm. line by the correct scale. 
This gives directly the heat content available in 
therms (one calorie=1°8 therms). If this 
amount is represented by H,—H,, then the 
theoretical work W in foot-pounds per pound 
of steam would be 

As one kilowatt-hour is equal to 2,660,000 ft. Ibs., 
the theoretical steam consumption D, is then 
given by 
3,425 
H, --H, 

If the actual steam consumption of a turbo- 
generator set is D, lbs. per k.w.-hour, then the 
overall efficiency of the set is 


D 

(3) 

If the generator efficiency is ¥,, then the 
turbine efficiency 1, is 


D,= Ibs. per k.w. hour (2) 


n, 
Then the overall steam consumption can be 
written 
3,425 


D,= per k.w.-hour (4) 


: 


The efficiency of generators depends on the 
output, speed, power factor, temperature rise, 
etc., and an efficiency curve should be plctted 
for each individual machine from the individual 
losses. Representative curves are shown in 
Fig. 2 for 3-phase alternators at 50 cycles and 
power factor. 

Steam-turbine efficiencies also vary in the 
same way with output, speed and steam con- 
ditions, but the efficiencies shown in Fig. 3 can 
be obtained with modern designs with 200 lbs. 
gauge steam pressure and 28} ins. vacuum. 

The heat content of one pound of steam 
expanded adiabatically can be obtained from 
Fig. 1, or from the useful tables from Callender’s 
formula published by the B.E.A.M.A. 

As an example, we will estimate the steam 
consumption of a 30,000 k.w. set with steam at 
300 Ibs. gauge, 300° F. superheat (722°2° F. total) 
and 29 ins. vacuum, 

’ From the B.E.A.M.A. heat-drop table, H, — H, 
=483°9, and from Fig. 2, n.—96°2 per cent. 
From Fig. 3 a turbine efficiency of 79°2 per cent. 


‘is obtainable with steam at 200 Ibs., 300° F. 


superheat, and a vacuum of 28} ins. The correc- 
tion for pressure is minus 1} per cent., and for 
vacuum 12 per cent., giving a total of 245 
per cent. 

The steam-turbine efficiency at 300 lbs. and 
29 ins. vacuum will then be 2,=79°2 0°9755 = 
77°26 per cent. 

Thus the full-load consumption— 

3,425 

x 0°7726 x 483'9 
Partial load consumptions of high-pressure 
turbines can be obtained with the aid of the 
curves shown in Fig. 4, from which the factors 
v and k can be obtained. The partial load con- 
sumption will be :— 


n 


D 9°52 Ibs.per k w.-hr 


when #,, is the generator efficiency at partial 
load. 

When obtaining the factor x for the turbine, 
it should be kept in mind that the partial load 
on the turbine is greater than on the alternator 
on account of the reduction in the alternator 
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efficiency. , For example, if the estimated con- 
sumption at }-load of the turbine mentioned 
above is required, the alternator efficiency ,,, = 
89:2 per cent., }-load on the alternator is there- 
fore 0°25 x 96°2+89°2 = 270 of full load on the 
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turbine. From Fig. 4, k=0 048 and x=2°7. The 
consumption at }-load will be, from equation 
(5) :— 


862 
89°2 
=11°6 lbs. per k.w.-hour. 


(1 + 2:70 x 0-048) 9°52 


At half-load on the same machine :— 
n.,,=94°0 per cent. (from curve 1), 
k = 0-048 (same as before), 
x=0°95 (from curve 4). 


The half-load consumption is, therefore, 
96:2 
94°0 (1+ 0°95 x 0:048) 9°52 
=10°17 lbs. per k.w.-hour 


- 
fa) 
a 


P of 1 


oN 


10,000 20,000 
Brake kw. output of turbine 
Fic. 4. 


The figures given by the curve for & in Fig. 4 
are for modern high-class turbines designed for 
high ratio of blade speed to steam speed, and 
calculated for full load as the most economical 
load. 

The corrections shown in Fig. 3 for pressure 
and vacuum can only be applied to turbines 
before they are bladed to suit particular steam 
conditions for the purpose of making consump- 
tion guarantees or for comparing the perform- 
ance of one turbine with another under standard 
conditions. They must not be used for making 
corrections to the test results of a turbine for 
the purpose of comparison with the guarantees. 

The correction curves given by Mr. Baumann 
in his paper before the Institution of Electrical 
Engineers show very clearly the reasons for and 
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the values of the corrections necessary to turbine 
efficiencies for the purpose of making guarantees, 
or of comparing one turbine efficiency under one 
set of steam conditions, with another turbine 
under a different set of conditions. It should 
be clearly understood, however, that those 
figures should not be used in making corrections 
to test consumptions for pressure, temperature 
and vacuum. 

As soon as the turbine is built the correction 
curves must take into account the actual blade 
angles, diameter of stages, number of stages, and 
length of blades. This will modify the correction 
curves for pressure and temperature only very 
slightly, but will in many cases make a con- 
siderable difference to the vacuum correction 
curve. 

In considering the correction curves for turbo 
sets, we can only consider the effect of the 
variation of one condition at a time, assuming 
the other conditions remain constant. The total 
correction will then be the sum of the individual 
corrections. 

Before dealing with the correction curves 
themselves, a few remarks on the general con- 
ditions of testing turbines may not be out of place. 

(1) Boilers should not be overloaded. 

It is well known that superheated steam can 
for a time carry moisture in suspension, and that 
boilers which are forced are liable to prime 
because of the intensified circulation. 

(2) Readings should only be taken on a steady 
load. 

The condenser forms a reservoir, and it takes 
time for an increase or decrease in steam con- 
sumption to become evident in the amount of 
water extracted from the condenser. 

(3) The average vacuum over the exhaust 
area should be measured. 

The exhaust area is large, and if the connection 
to the gauge is made at a point of high steam 
velocity, inconsistent readings may be obtained. 


(4) The™steam separator should be kept 
drained. 


This will prevent moisture being carried over 
with the steam. 

(5) Condenser leakage should be measured 
before and after the test. 

The leakage when the tubes are hot may be 
greater than when cold. 

(6) All conditions (voltage, load, speed, steam 
pressure, temperature and vacuum) should be as 
near the specified conditions as possible, and 
loads on each phase should be equal. 

(7) Measuring instruments should be cali- 
brated after the test. 

In addition to the above, all the usual pre- 
cautions common to official tests should be 
taken to ensure accurate results. With care in 
testing it should be possible to get results 
within 2} per cent. 

Barometer Correction.—Turbine consumptions 
are usually guaranteed with a particular vacuum 
and a standard height of barometer of 30 inches. 
If, during a particular test, the barometer stands 
above a height of 30 ins., the absolute back 
pressure against the turbme is by the same 
amount higher than is indicated by the mercury- 
column vacuum gauge with reference to 30 ins. 
The amount by which the barometer is above 
the standard level should therefore be deducted 
from the actual vacuum readings before making 
vacuum corrections. If the barometer is lower 
than 30 ins. the amount should be added to the 
vacuum readings. If water appears on the 
top of the mercury column, an allowance should 
be made for this in the proportion of 1 in. of 
mercury to 13°6 inches of water. 

D.C. Generator Variation of Efficiency.— 
Table I indicates the various losses and 
the approximate change in the value with 
variation of speed, voltage and current at 
constant output (k.w.). 


Losses in Kw. 


|_ Variation with Speed S, | 
Constant Voltage & Current) Constant Speed & Output | 
| | | 


Variation of Volts V, ] Variation of Current I, 


Constant Speed & Output 


Windage =A 
Friction =B 


S 


Field and Rheostat I2 R=C* .. 

Armature and Brush I? R=D.. re Nil 

So-6 


S? (approx.) 


Nil Nil 
Nil 


v2 
I2 


I 


Vz 
V1°6 (approx.) 


I 
(approx.) 


* With straight-line characteristic and series control of field. 


TABLE I. 
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The percentage full-load losses 
100 (A+B+C+D+E) 


~ k.w.+A+B+C+D+E 


For any proportional speed (p.s.) the per- 
centage of losses will be 
100 (p? A+ PB+C/p+D+E 
k.w.+p2?A+/ B+C p+D+E 
For any proportional voltage (p.v.) the per- 
centage losses will be 
100 (A+B+°C4+D/p? +p" E) 


k.w.+A+B +D p?+p'* E 
For any proportional current (p.c.) the per- 
centage losses will be 


100 (A+ B+C/p'+p?D+E/p") 


k.w.+A+B+/Cp?+p?D+E 
If the total full-load losses be called 100, then 
the proportion of the various detailed losses can 
be taken as follows :— 


| E | Total 


| A'B|c|D 
| 


High Speed |40 | 10] § | 20 | 25 | 


Moderate Speed .. | 20. 10 | 10 | 35 | 25 | 100 


The variation of efficiency with variation of 
speed is shown graphically in Fig. 5, and can, 
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with sufficient accuracy, be written for high 
speeds— 


100x{1 — (0°4p*+ p +-0°05, p + 0°20 + 0°25/p") | 

(6) 

when x = normal losses as a fraction of full load, 
p = proportional speed. 

The corresponding curve for moderate speeds 
is shown in Fig. 6. . 

The equation for the variation of efficiency 
with variation in voltage is for high-speed 
generators :— 

Per Cent. Variation : 
100x{1 — (0°4+0'1 +0°05 +0'2/p* + 0'25/p")] 
1+x (7) 
when # = proportional voltage. 

This is shown graphically in Fig. 7, and the 
variation of moderate-speed machines in Fig. 8. 

Variation of current will cause variation in 
efficiency as follows :— 

Per Cent. Variation for High-speed Generators : 
_ 100x[1 — (0°4 + + 0°05/p? + + 0°25/p'")] 
(8) 


This is shown in Fig. 9 and:in Fig. 10 is shown 
the curves for medium-speed generators. 
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the following table can be taken as representa- 
tive of three-phase 6,600-volt raachines :— 


110 m5 120 


A.C, Generators—The equaiions for turbo- 
alternators for efficiency correction are in general 
similar to Equations (6), (7) and (8) for d.c. 


O7 


100 
% current 


generators,* but the proportionate values for 
A, B, C, D and E are different. 


Fic. 9. 
| | | 
| | 
tn. | 10% | 10% 25% | 30% 100 
20-30 


diy 


‘speed 


eral 


| 8-15 20-30 | 28-32 


From the above values correction curves for 
alterations can be worked out on similar lines 


Constant |speed & load to Figs. 
effic ency | |__| t0a%_| 
/f N 
Wa 3 
WS 2, 
L \ Ol 
ol \ 


% efficiency correction 


90 


95 


100 
% speed 
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mo m5 120 


excit ng current, 


* The excitation loss will depend on the method of control of the 
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In addition to the voltage, speed and load- 
current corrections an additional correction is 
required for variation of power factor. The I? R 
losses which vary with the load current are also 
affected by the power factor, as the effective 
heating current is the load current divided by 
the power factor. The I’ R values which vary 
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with the power factor will lie between 20 and 
30 per cent. of the total losses when series con- 
trol of the field is used. For these values Fig. 11 
shows the correction to the alternator efficiency 
at full load. 

The electrical corrections are all of small 
value, but they tend towards a reduction in 
efficiency rather than towards an increase, when 
the guarantee conditions are not obtained. The 
corrections, being small, are usually neglected, 
but in some cases they may amount to a value 
which would be a considerable proportion of the 
correction figures for variations at the steam 
end. They are given here in a general way to 
give an idea of their quantitative value. The 
laws for the variation of the value of the losses 
given in Table I are not true for all machines, 
but are near enough to give an indication of the 
quantitative variation of the efficiency over a 
small range on either side of the normal of speed, 
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Fic. 12a. 
voltage or current. For example, the variation 
of the windage loss with the speed S may be, 
for salient-pole machines, nearer to the third 
power of S than to the second. This can be 
found from the retardative curve of the rotor 
(corrected for friction of bearings) from the 
tangents at full speed and half speed, as shown 
in Fig. 12. If the windage loss in horse-power 
varies as k N‘ 


and (=retardation time from full speed, 
and t,-- retardation time from half speed, 
log 2 
2 y 
and k W (10) 


when W =weight of rotor in lb., 
y=radius of gyration in ft., 

N-=revs. per second. 

The curve shown in Fig. 12 gives the values 

of x for values of ¢,¢ varying from 0°5 to 2. 
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The correct power of S to be in proportion 
to the iron loss can be obtained in a similar 
manner from the retardation curve for the 
excited machine, corrected for friction and 
windage. The value of the bearing friction can 
be taken with sufficient accuracy from Fig. 12a. 

The retardation method of determining 
various losses is one which can be used in the 
absence of a more direct method, but it should 
be done before the alternator is coupled to the 
turbine. If not, a slight leakage at the turbine 
stop-valve will greatly increase the retardation 
period of the set. The variation in the fan loss 
of the blades with speed and vacuum will also 
tend to distort the results. 

If retardation curves are taken from the 
alternator under various conditions, the different 
losses can be estimated at various speeds with 
reasonable accuracy. It is usually difficult to 
drive a large alternator up to full speed without 
great capital expenditure on testing motors and 
special erection to obtain such tests. Retarda- 
tion curves can, however, be obtained from the 
set by using a special friction or slipping coupling 
at a much less cost, and there seems every 
prospect of such tests coming into general use 
in the future. 


Turbine Efficiency Corrections—The variation 
of turbine efficiency with the variation of work- 
ing conditions depends on the relative values of 
the various losses in the turbine. The methods 
of determining the variation in efficiency are 
therefore similar to the methods shown for 
electrical machines. As, however, the losses are 
more involved, the calculations cannot be put 
so easily in a general form, but must be worked 
out from the so-called hydraulic-efficiency 
curves for the individual stages in conjunction 
with the heat-entropy diagram. 


The efficiency of utilization of the heat drop 
available in the Curtis stage of a steam turbine 
depends on the ratio of blade speed to steam 
speed and on the nozzle and blade angles. The 
steam speed =91'5 v A metres per second, when 
h=the available heat drop in calories. 


The usual ratio at full load for blade speed 
to steam speed = 0°20 to 0.22. 


With a nozzle angle corresponding to 36% tan 
and blading to suit a ratio of 0°2, the variation 
of blading efficiency of the Curtis stage is shown 
in Fig. 13. 
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In a Curtis Rateau turbine the heat drop over 
the velocity compounded stage varies from 60 
to 80 calories in a high-pressure machine, and 
depends on the initial steam pressure and over- 
load capacity required. This is one-fourth to 
one-third of the total heat drop, so that the 
influence of this stage on the overall efficiency 
is important. 

The nozzle angle for a simple Rateau or 
Zoelly turbine is not less than 11° 20’ (tangent 
20 per cent.), and a drop of 25 to 35 calories is 
allowed for the first stage. This corresponds to 
a ratio of blade speed to steam speed of approxi- 
mately 0:3 to 0°35. The efficiency of such a 
stage is shown in Fig. 14. 

When the steam speed falls the steam strikes 
the back of the running blades, and the leaving 
losses cannot be as fully regained as in a stage 
correctly designed for such lower speeds. 

For comparative purposes the obtainable 
efficiency of a single-impulse stage when designed 
for the conditions under which it will work is 
shown in Fig. 16. A comparison of these figures 
shows that any variation of steam pressure 
which increases the ratio U/C, will result in a 
slight gain in efficiency before the turbine is 
designed, and a slight decrease for a reduced 
value of U/C,, but after the turbine is built for 
a certain value of U/C, any appreciable variation 
will reduce the efficiency of the blading (not 
necessarily the overall efficiency). U/C, repre- 
sents the ratio of blade speed to steam speed 
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The intermediate stages (all except the first 
and last stages) are designed for a ratio of blade 
speed to steam speed of from 0°45 to 0°5 and, 
as this is a flat portion of the efficiency curve 
(see Fig. 15), no ordinary variations of pressure 
or vacuum will have an appreciable effect on the 
efficiency. The first stage will take the bulk of 
the pressure variation, and the last stage the 
bulk of the vacuum variation. 

The small remaining difference of heat drop 
is distributed over a number of stages, so that 
the variation in the ratio of blade speed to steam 
speed is small, and its resultant effect on the 
blading efficiency is negligible. 

The last stage of the turbine will vary in 
efficiency, due to the variation in the ratio of 
speeds, and also due to the variation in the value 
of the “ leaving ’’ loss (i.e. the absolute velocity 
of steam leaving the last row of blades). , 

The variation in blading efficiency (neglecting 
the leaving loss) with variation in speed ratio 
is shown in Fig. 16, and in the same figure is 
shown for comparison the possible efficiency, 
assuming the blading is designed for each ratio 
of steam speed to blade speed. 
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jer Leaving Loss in calories for Mean Blade Speed, metres per sec. 
— 150 160 170 180 | 190 | 200 210 22) | 230 | 240 250 
( 50% tan 28 3°2 36 4°05 | 45 | 50 5°5 6°05 66 ta 78 
0°375 - 60 4°3 49 5°45 6:1 6:75 74 8:2 89 97 10°5 
70 45 5:1 65 88 9°7 10°5 
2°4 2:75 31 3°45 3°85 | 43 47 5:2 5°65 6:2 67 
3:3 3°75 4°25 4°75 5°3 5°85 65 71 7°75 8°45 9:2 
4:05 4°6 §2 7:2 79 8:7 9°5 10°3 
2°17 2°47 2°78 311 3°46 3°85 4°25 4°65 5:1 §5 6°0 
2°97 3°82 43 4°75 5:3 5°85 6-4 70 76 8:3 
3°65 4:17 47 5°26 5°85 65 8:15 7°85 86 9:35 | 


Leaving Loss.—The value of this loss at full 
load under normal working conditions will vary 
from 14 per cent. of the total heat drop to 24 
per cent. This loss will vary with the total 
quantity of steam passing through the turbine 
and with the specific volume of the steam. The 
last stage is usually designed for a ratio of blade 
speed to steam speed of 0°375 to 0°425, depending 
on the nozzle angle and the permissible length 
of blades. 

The blade length should not exceed one-sixth 
to one-fifth of the mean blading diameter, or the 
ratio of speed will vary too much between the 
root and the tip of the blade. 


Table 2 gives the leaving loss in calories 
for various nozzle angles and mean_ blade 
speeds. The steam speed will vary with the 
vacuum and in proportion to the specific 
volume. 

Table 3 gives the value of the specific volume 
of the steam of 100 per cent. quality : 
Let C,=percentage correction for leaving loss, 

U,=specific volume at the vacuum being 
considered, 
V =specific volume at normal vacuum, 
x=normal leaving loss, per cent, 
then (11) 

The alterations to the turbine efficiency due 
to the variation in leaving loss are shown 
graphically in Fig. 17. Attempts have been 


TABLE 2. 


made to make use of the leaving loss from the 
blades in carrying the steam to the condenser 
by using guide plates in the exhaust. This does 
not mean that the leaving loss is eliminated, as 
the loss is still turned into heat when absorbed 
by shock on the condenser tubes, but it reduces 
the drop of pressure (between the blades and the 
condenser tubes) necessary to cause flow of the 
steam against friction of the walls of the exhaust 
and internal eddies. 

It can therefore be assumed that the leaving 
loss is a real loss, and that no further loss is 
involved due to difference in pressure between 
the blades and the exhaust outlet. 

The difficulty of changing the direction of flow 
of a gas without causing eddies makes any 
greater efficiency of such deflectors somewhat 
uncertain. The variation in the ratio of blade 
speed to steam speed will be inversely propor- 
tional to the specific volume of the steam, and 
the change in efficiency of the last stage must 
be allowed for, in addition to the loss obtained 
from Fig. 17. Some allowance should be made 
for the change in quantity of steam passing 
through the turbine, due to changes in pressure, 
temperature and vacuum, but the effect on the 
general results is not of sufficient importance to 
warrant this refinement. The reheat factor is 
affected by any change in turbine efficiency, 
particularly if the change in efficiency is at the 
high-pressure end. This factor will therefore 


Vacuum Specific Volume Vacuum | Specific Volume Vacuum Specific Volume 
cub metres cub. s 384 cub 
26} 11°75 | 273 17°10 28} 33°00 
264 12°50 273 | 18°95 | 29 40°60 
26} 13°40 | 28 21:20 29} 53°50 
27 | 14°50 28} 24°00 294 79°00 


TABLE 3. 
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affect the pressure correction more than any 
other. As, however, the variations of turbine 
efficiency due to pressure variations are seldom 
over one-half of 1 per cent., this influence will 
be neglected in the correction curves given later. 
[The reheat factor can be easily obtained from 
the heat-entropy diagram (Fig. 1) by assuming 
various diagram blading efficiencies and number 
of stages.) The fan loss of the turbine discs and 
blading will be assumed to be constant, as will 
also the radiation and mechanical losses, when 
considering pressure and vacuum corrections. 


Temperature——An increase in temperature 
reduces leakage and fan losses, and, by reducing 
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steam friction, improves the diagram efficiency. 
A decrease has the reverse effect. There is 
practically no alteration to the speed ratios or 
to the leaving losses beyond that due to the 
alteration to the steam quantity. The result is 
that the correction to the turbine efficiency for 
variation in temperature does not differ greatly 
from that shown in Fig. 3. The fan loss for 
turbine discs can be divided into two portions, 
one due to the disc body and the other due to 
the blades. The loss due to the smooth portion 
of the disc is :— 


W.= 1,144 (on) 


(12) 
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W,= watts lost, 
D=diameter of disc in metres, 
V = peripheral speed in metres per second, 
S=specific volume of steam in cubic metres 
per kg. 

‘)The fan loss due to the blades has not yet 
been fully investigated, on account of the diffi- 
culty of obtaining the total loss under actual 
working conditions and of separating these 
losses. The following empirical formula can be 
used for discs with a single row of blades :— 

2 
W, 320 D ) 
S 100 
when W, = watts lost due to blades, 
D mean blade diameter in metres, 
L =blade length in cm., 
V =mean blade speed in metres per sec., 

S =specific volume of steam in cubic 

metres per kg. 

k =a constant depending on the ratio of 
actual running loss in free air to the 
actual loss. 

The constant & will be less for long blades than 
for short ones, will be greater for partially bladed 
stages than for fully bladed, and can be taken 
from the following table :— 


| 


Blading of 


Values of k 


Blade Lengths 


Stage, 
per cent | 
2to6cm | 6 to 18 cm, 18 to 54 cm. 
| 
100 0-75! 05 0:25 
so 0-8 06 0:40 
60 0°85 | 0-7 0°55 
40 0-9 | 08 0:60 


The fan loss of a Curtis stage with two rows 
of blades and partial blading is 
1,400 D =| v\ 


(14) 


where L= mean height of blade in cm. 

Equation (14) gives both disc and blade loss 
together. 

The leakage losses are affected by the super- 
heat, and can be calculated approximately as 
follows :— 

Let H =total heat drop x turbine efficiency, 

hy, hy, hy, etc. =heat drop of any stage 1, 2, 
3, etc. x stage efficiency. 

a,, etc.= proportion of leakage area 
of any stage to nozzle throat area. 
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Type of Turbine 


First Stage 


Intermediate Stages Last Stage 


| 
| 
Plain Rateau or Zoelly .. | 


cal. 
65 to 75 


cal. 
20 to 30 


cal 
139 to 119 


30 to 40 174 to 154 20 to 30 | 224 
TABLE 4. ‘ 
If the turbine has a Curtis stage for stage 1 | 
Sta Sm L A 

then the leakage through the high-pressure gland | | 
should be calculated separately, and amounts to z= 
C Ib. per hour. Steam friction on blades .. 75 | 3 85 
If the normal full-load consumption is K Ib. Leaving loss .. 6 | 10 8 
per hour, then the total leakage can be estimated Mechanical losses 4; 2 2 
as Throttling losses .. 5 rg 7 
: Disc friction and blade eddies) 11 | § 10 
kK | Leakage 0 7 
C,+ Q,+hsas+. . | Radiation | 5 2 3 

| 
| | 

If the high-pressure steam is in excess of the | Total --| 100 | 100 | 100 


quantity required to seal the low-pressure gland, 
it can be utilized in the latter stages of the 
turbine (say stages 8 and 9), and the quantity C 
should then be reduced to C,, where 


h,t+hy+h,\ 
/ 


The preceding notes, while they do not cover 
all the losses in a steam turbine, will give an 
indication of the value and rate of variation of 
the more important ones. The overall efficiency 
of a turbine can be estimated by calculating all 
the losses in kilowatts or by calculating the 
losses in calories. The two are connected by the 
following equation :— 

Calories = 
K, 
where K, is the quantity of steam passing in 
kilograms per second. 

The various losses in a turbine can be appor- 

tioned approximately. 


The heat drop on large turbines, assuming 
standard conditions as 200 lb. 200°F., superheat 
and 284 ins. vacuum would be distributed as 
shewn in Table 4. 


The various heat drops are, of course, chosen 
for any particular turbine in such a way that 
the highest possible overall turbine efficiency is 
obtained. Taking the above proportions of 
losses and heat drops, and making use of the 
various formule and curves given in the paper, 
it is evident that curves for the variation of 
overall efficiency due to changes in speed, steam 
pressure or vacuum, can be made and, together 
with similar curves for the generator, used for 
correcting steam-consumption tests. Steam 
turbine tests do not, however, lend themselves 
to analysis so readily as electrical tests, and it 
is only possible to check the sum of the calcu- 
lated losses, whereas on generator tests it is 
possible to check the individual losses. 


| 
| | Remainder Constant 
Steam Heat Drop, Total Heat Blade Speed Losses of Blading Losses Losses Turbine Cc re 
Pressure | First Stage Drop Steam Speed | high-pressure | at 82 per cent less Losses ere 
| stage Efficiency Reheat 
| 
Ib cal. ca! cal. | cal. cal. © o 
150 | 1 215 0°225 29°6 10 | +03 
175 574 219 0°212 21:0 29°1 10 27°4 
200 | 65 224 0:2 23°9 10 27°5 
225 694 227 0°193 25°9 28°4 10 28°3 —08 
250 | 74 229 0°187 28°2 27°9 10 28°9 -—14 


TABLE 5. 
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The author has purposely omitted the possi- 
bility of calculating the variation of efficiency 
with variation of superheat. Although a large 
part of the gain due to superheating is due to 
a reduction in leakage and fan losses, a part is 
also due to a reduction of steam friction on the 
surface of the blades. This amount is an un- 
certain value, and designers have therefore 
concentrated attention on the overall gain due 
to superheat without a serious attempt to 
analyse this gain and the laws governing it. The 
difference between the efficiency variation of a 
turbine with blading which is varied to suit 
changes of superheat, and one with fixed blading, 
is of the order of 1 per cent. per 100°F. This 
gives an efficiency correction as shown in Fig. 18. 


Pressure Correction—A variation in steam 
pressure at the turbine stop-valve, in the case 
of a turbine with a Curtis stage, will vary the 
heat drop across the first stage and will slightly 
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alter the heat drop across the remaining stages 
on account of the variation in the quantity of 
steam. As the steam quantity only varies about 
1 per cent. per 10 per cent. variation in steam 
pressure, this latter effect can be neglected. 

Assuming that the conditions for which the 
turbine is designed are as follows :— 

Stop-valve pressure 200 Ibs. per sq. in. 

gauge, 15°1 kg. per sq. cm. 

Superheat 200°F., ie. total temperature 

308°C. 

Vacuum 28} ins. = 0.052 kg. per sq. cm. 

Drop across Curtis stage = 65 calories. 
Then, by means of the heat-entropy diagram 
(Fig. 1) and the efficiency curve (Fig. 13), the 
first-stage losses can be tabulated as above and, 
by assuming the other losses to be constant, a 
correction curve for variation in pressure can be 
constructed for constant temperature. 

These figures, in addition to the figures for 
100 Ibs. and 300 Ibs. pressure, if plotted, will give 
the correction curve to the turbine efficiency for 
variation of steam pressure. It is advisable to 
add the figures for 100 Ibs. and 300 Ibs. in order 
to get check points. 

Vacuum Correction.—The estimate of the 
vacuum correction to the same turbine can be 
taken from Fig. 17 (middle figure) for the leaving 
losses when the normal loss is 2 per cent. With 
a drop of 20 calories in the last stage, the various 
losses can be tabulated as in Table 6. 

Any further increase of vacuum above 29 ins. 
would not result in a further expansion of the 
steam in the last-stage nozzles. Expansion would 
take place after the steam had left the nozzles. 
This expansion is in all directions, so that the 
whole of the heat drop above 29 ins. vacuum can 
be considered to be a total loss in addition to 
the losses at 29 ins. vacuum, i.e — 6 per cent. 
—2°16 per cent. = —8'16 per cent. 


| Loss 


| remaining 

’ Heat |Heat Drop] Efficiency | Loss, Last | Stages at 
Vacuum Drop Last Stage (Fig. 16) Stage 76 per 
| cent. 

Efficiency 


Correction 


Constant 
Reheat Sum of Total 
and Losses For For Leaving 
Leaving Efficiency Loss 
Loss (Fig. 17) 


cal. cal 
204 | 5.5 78 1:21 47°6 
27} 209 7.6 80 1°52 
28 215 | 12 81 2:28 48°9 
283 224 | 20 81°25 3°75 49 
29 235 | 43 79°2 8°95 46°1 
293 250 | | «8°95 46:1 


cal. 


8 27°9 —0'8 +145 + 0°65 
8 27:7 —0°6 +06 
8 27°4 —03 408 | +05 
| 8 27:1 0 | oO 
26°9 +02 —23 | 
| 8 25:2 +09 2°16 |(see below) 


TABLE 6. 
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Speed 
65 cal. 
First Stage 


159 cal. 
Remaining Stages 


Fan Losses 


Variation in 
Aas Efficiency 
| Remaining Losses 


0 


o 
| 10°65 2 
140 | 11-70 14-9 7: 
120 | 10°87 13-4 4: 
80 12°45 141 
| 15 50 16: 0 


% 

1-4 27° 0 

14 35 65 — 782 
1-4 30°47 — 2°64 
| 1-4 29°35 — 152 

1-4 6°57 


If these figures are compared with the vacuum 
correction shown in Fig. 3, it will be seen that 
there is a substantial difference between the 
variation in turbine efficiency when the blading 
can be made to suit the various vacua, and when 
the blading is fixed to suit any particular 
vacuum. 

Speed Correction.—Variation of speed affects 
directly the ratio of blade speed to steam speed 
and causes the fan losses to vary approximately 
as the cube of the speed. Taking the same 
standard conditions for the turbine as before, 
and the first-stage losses from Fig. 13 and the 
remaining blading losses from 40 per cent. 
tangent (Fig. 15), the following table gives the 
variation in losses with variation in speed, the 
first line representing the normal losses :—- 

If the above figures are plotted, it is seen that 
5 per cent. increase in speed reduces the turbine 
efficiency nearly one-half of 1 per cent., and 
5 per cent. reduction in speed reduces the 
efficiency by 0°2 of 1 per cent. 

The above figures neglect the effect of the 
bearing friction and also the increase in the 
quantity of steam. 

The above speed correction can be combined 
with the speed correction for the generator and 
gives the total speed correction. 

Total Correction for Efficiency.—The total 
correction for efficiency is the algebraic sum of 
the corrections for the individual variations. 
Average efficiency corrections for speed, pressure 
and vacuum, are shown in Fig. 19. 

Heat Drop Correction.—So far, only efficiency 
corrections have been considered. A further 
correction, due to the variation of heat drop 
caused by variation of pressure, temperature and 
vacuum, must be considered. If H = heat drop 
under the specified conditions, and H, = heat 


TABLE 


y 


drop under test conditions, then the heat-drop 
correction expressed as a percentage is 


100 (H, — H) 
(16) 


The values of H, and H can be measured from 
the heat chart (Fig. 1) or taken directly from 
the B.E.A.M.A.”’ tables. 

The correction to be made to the measured 
quantity of steam on test in order to compare 
the test figure with the guaranteed consumption 
is the heat-drop correction plus the sum of the 
efficiency corrections. The correction for the 
variation of load can be avoided by plotting 
the total steam against kilowatt output after 
making all the necessary corrections. 
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(The above paper was read by Mr. Livingstone, at Manchester, before 
the North Western centre of the Institution of Electrical Engineers. | 
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On a Theory of Fluid Friction and its 
Application to Hydraulics. 


By E. Parry, B.Sc., 
Engineer - in-Chief to the 


The purpose of the present paper is to call 
the attention of the readers of this Journal to a 
modern Theory of Fluid Friction, which is more 
comprehensive in character than the older 
theory, and so adequate for its purpose as to 
obviate any recourse to empiricism, which so 
dominates the subject at the present time. It 
is true that the newer “ Theory ’’ has its limita- 
tions, as will be explained later, but its scope 
is so much wider as to justify the complete 
abandonment of present methods. 


The Theory referred to is extensively em- 
ployed in aeronautics and by investigators in the 
Field of Fluid Friction, but so far it has not 
received the general recognition of hydraulic 
engineers, or, if recognised, its importance does 
not seem to be realised, being placed on a par 
with the many empirical attempts to correct the 
older theory than as a new theory which 
embraces a larger number of facts than does the 
old, and for that reason should be employed 
to the exclusion of the latter. 


Regarding the subject from the standpoint of 
a hydraulic engineer, and to put the case 
shortly and concisely, what he wants to know 
is, what, under given conditions, is the proper 
value of c to adopt in Chezy’s formula 
v =cvrs where v is the velocity of flow 
in pipe or channel, ry the hydraulic mean 
depth, and s the hydraulic gradient, know- 
ing, as he does, that c is not a constant ? 
According to present-day practice, there is no 
criterion of c to which he can refer, and 
instead he is confronted with numerous formule 
in which ¢ is expressed in terms sometimes 
of the diameter, or velocity or roughness, or 
some combination of these, the relation between 
them being quite empirical; now what the 
modern theory does is to give him a criterion, 
viz., vd/v where v is the velocity of flow, d the 
diameter, and v the kinematic viscosity in 


M.Inst.C.E., M.LE.E., 
English Electric Company. 


terms of which to express the value of c, the 
theory being well founded and well attested and 
accredited. Knowing the conditions of the work- 
ing in terms of v, d and v he has a means of 
selecting the proper value of c for the 
specified conditions with some degree of judg- 
ment, the value of which: is enhanced by a 
carefully conducted and extensive series of 
experiments, to be referred to later, which form 
a standard of reference. Moreover, the new 
theory is comprehensive enough to include in its 
scope all fluids, liquid or gaseous ; that is to 
say, the value of c is the same for the same 
value of vd/v for all fluids, so that one chart 
does duty for all. 


To sum up, the engineer has now at his 
disposal a criterion or, let us say, a datum from 
which to judge his position, instead of a number 
of dubious formule by the aid of which he 
endeavours to calculate his position. 


Having stated the case in outline, the com- 
parison will now be developed more in detail. 


The older theory is based on the assumption 
that the frictional resistance of a fluid of 
density ¢ moving with a velocity v relatively 
to a surface with which it is in contact is pro- 
portional to the extent of surface, to the density 
and to the square of the velocity, which may 
be expressed symbolically thus :— 

(1) 


where R is the resistance per unit of surface 
in absolute units, and k a constant coefficient. 


In engineering practice dealing with the flow 
of water in pipes and channels, the unit of 
resistance is not the force per unit area but the 
“head” h per unit of length of pipe / or 
channel, that is to say, the energy dissipated 
in friction per unit mass of fluid per unit of 
length, commonly called the hydraulic gradient 
and denoted by h//=s. 
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Transforming now from one system to the 
other, we have 


d 
-=S$-g= 

where g is the gravitational constant and 7 the 
hydraulic mean depth qf 7@ =d/4 for round 


pipe. Substituting in equation (1) we have 


The coefficient assumes various guises, the 
most common in engineering practice -is the 
coefficient associated with Chezy’s formule, 
viz., c, but the other coefficients given are 
occasionally employed, the connection between 
them being as shown in equation (2). 


It was soon realised in hydraulic engineering 
practice that the coefficient was not a constant, 
but a variable dependent in some way on 
velocity, or diameter or roughness or on a com- 
bination of these, but in the absence of a 
theoretical basis there was no means of deter- 
mining the relation in which these quantities 
stood to each other, and, in consequence, an era 
of empiricism was entered upon which has lasted 
until the present day. For instance, D’Aubusson, 
Prony, and Evtelwein made the coefficient 
dependent on v only, thus :— 


v 
whilst Weisbach has 
+ 
vv 


Bazin, again, makes it dependent on the 
diameter d, thus :— 

1 b 

= a + - 

d 
whilst Kutter evolved a formula for c dependent 
upon the hydraulic gradient, the hydraulic mean 
depth of pipe or channel, and introduced a 
coefficient for roughness 1. 

The present-day practice may now be sum- 

marized in a symbolical form as follows :— 


=@ (v, d, #) 


where 9 stands for “ function of,” whilst the 
letters within the brackets indicate that the 
coefficient is a variable dependent in some 
unknown way upon a combination of v, d and n. 
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A very complete account of the development 
of the modern theory is given by Dr. Stanton 
in a paper before the Royal Society,* of which 
the following is a brief summary :— 


The history falls into two stages, the first 
being the stage of mathematical investigation 
with deductions based on dynamical principles, 
and the second the stage of experimental 
investigation in order to confirm the deductions 
made and to determine the appropriate co- 
efficients. The most conspicuous worker in both 
fields has been Osborne Reynolds,! but his 
experiments were not sufficiently extended to 
establish fully the principle, and it was not 
until Dr. Stanton; completed his experimental 
investigations that the law was finally con- 
firmed. 


The newer theory hypothecates that the 
resistance per unit area R is a function of the 
linear dimensions, the velocity v, the viscosity 
and density ¢, and on testing the hypo- 
thesis it is found to fit the facts remarkably 
well. The application of mathematical prin- 
ciples leads to the establishment of the following 
relationship between the quantities :— 


R 

pv2 
where v = #%e = the “kinematic viscosity,” 
‘is any linear quantity defining the dimensions 
of the system. 

In this form the law is quite general, and 
applies to moving surfaces, vanes, or bodies of 
any form, and to any fluid, liquid or gaseous. 

If now the law be restricted to pipe flow, 
R/ev? becomes 7.s.g/v*, and the ‘relationship 
stands thus :—- 


which may be directly compared and contrasted 
with the primitive form of equation (2) and with 
the modified form (3). It will be seen that the 
vagueness of form (3) has given place to definite- 
ness in form (4), which is a very great gain. 


*T. E. Stanton and J. R. Pannell: Similarity of motion in 
Relation to the Surface Friction of Fluids. Phil. Trans. Roy Soc., 
A., Vol. 214, 1914, pp. 199-224. ‘Collected Researches,'’ Vol. XI, 
1914, pp. 293-300 


+t Reynolds : Phil. Trans. Roy. Soc., Vol. 176, 1883, p. 935- 
! T. E. Stanton: Nat. Phys. Lab., Collected Researches, Vol. VI, 


1910, pp. 49-56; Vol. VIII, 1912, pp. 73-85; Vol. IX, 1913, pp. 1-7; 
Vol. XI, 1914, pp. 293-320. 
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If we substitute the perimeter # for the 
diameter @ in the independent variable, we 
thereby adapt the equation to any form of cross 
section of closed conduit, and in a tentative way 
to open channels when # stands for the wetted 
perimeter, bearing in mind that the movement 
of the air over the surface, the effect of angular 
corners, and that the resistance per unit of area 
of contact of a shallow trough may differ from 
that of a deeper trough having the same value 
of p. Substituting » for d in equation (4), we 
have :— , 

v 
(=) 

On comparing these equations with (3), it will 
be apparent that vagueness has given place to 
definiteness, and that a relationship of great 
potency has been established. If now values of 
R ev* or its equivalent 7.s.g/v? be plotted as 
ordinates against values of vd/v or vp/v, or 
preferably against the logarithms of these values, 
because otherwise the range of values is incon- 
veniently great, it will be seen that provided 
that the conditions of the theory are satisfied, 
the values of the former will be the same for the 
same values of the latter, no matter what fluid 
is used, whether water, steam, air or any other 
gas. The theory is summarized in the statement 
that “ Similarity of conditions represented by vl /v 
produces similarity of motion.” 


The condition of similarity extends to the 
surface ; that is to say, the theory is only true 
provided that the asperities of the surface of 
contact are proportional to its dimensions, or, 
in case of a pipe, to the diameter Or, to put it 
in another way, a smooth pipe of large diameter 
will not give the same value of R/ev* as a small 
pipe of the same degree of smoothness, although 
the value of vd/v may be the same in both 
cases. The large pipe has to have a surface 
whose roughness is a proportional magnification 
of the microscopic asperities of the surface of 
the small pipe in order to satisfy the conditions 
of the theory. This constitutes a limitation to 
the theory, and as an instrument it requires the 
aid of a scale of roughness accompanied by a 
considerable degree of judgment in order to 
interpret fully results; nevertheless, and in 
spite of this limitation, a very great advance has 
been made. 


This significance of the kinematic viscosity 
represented by v can hardly be over-estimated 
It is the link which serves to connect all 
classes of fluids, whether liquid or gaseous, 


so that one chart suffices for all fluids, and if 
we confine our attention to hydraulics, we have 
a general law applicable to water at all tempera- 
tures, because viscosity is a function of the 
temperature ; moreover, it is possible that the 
kinematic viscosity might be extended to 
embrace the case of water carrying silt and other 
matter in suspension, thus bringing in within 
the scope of one law the very extensive branches 
of engineering practice employing water as a 
carrier and rivers charged with silt. 


A word of protest is necessary in regard to 
the treatment of the kinematic viscosity v, for, 
judging by the past history of the subject, there 
will be a tendency towards avoiding its use on 
the plea that in hydraulics the range of tempera- 
ture is small, and that for practical purposes it 
may be ignored or replaced by aconstant ; such a 
tendency is to be very much deprecated, because 
it is absolutely necessary for a right under- 
standing of the subject that any experiment, for 
instance, in the flow of water at one temperature, 
should be co-ordinated with the results obtained 
at another temperature, and with the results of 
experiments on air and gases generally, because 
without the aid of such experiments the range 
of observation is too limited to determine the 
characteristics of any particular surface, and it 
is hoped that the ample tables of log. vl/v 
here presented will serve to correct such, a 
baneful tendency and to encourage the adoption 
and use of this quantity. 


The values of the coefficient of kinematic 
viscosity v for water in square feet per 
second with temperature in Fah. degrees are 
given in Fig. 1. The values are derived from the 
experimental values of the viscosity coefficient 
% determined by Hosking* in 1909, and 
which are tabulated in the second column of 
Table I. at intervals from 0°C. to 100°C., the 
values being in C.G.S. absolute units. The 
definition of the coefficient of viscosity is 
tangential force per unit area divided by rate 
of shear per unit time, and its dimension is 
M'LT; its conversion ratio to absolute units in 
the English system is 30°48/453°6 = 1/14°88, and 
to gravitational units 1/14°88.g. 


In the third column of Table I. are entered the 
values of the density of waten at different 
temperatures taken from Kaye’ and Laby’s 


* R. Hosking: Viscoscity of Water, Phil. Mag-, 1909, Vol. I, page 
502,; Vol. I], 260. 
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tables.*. In the fourth column is entered the 
values of v=u/e in square cms. per sec., 
derived from columns two and three. In the 
fifth column is entered the values of v in sq. ft. 
per sec., being derived from the figures in 
column four by application of the conversion 
factor 1/929°03. The dimension of v being 
LT = TF the ratio is, therefore 1/30°48? = 
1/929°03. 

Values of log, v/v with temperature in 
degrees F. for a range of values of vl from 0.1 to 
1.0aregivenin Table II. The logarithms of higher 
values of the function are readily obtained in 
the usual way by the addition of unity to the 
index for each multiple of 10. 

It has already been explained that the 
mathematical principles have been known for 
some time, but that they have lacked the 
confirmation of experiment. It is a fact 
that in spite of the vast accumulation of 
experimental observations no certain con- 
clusion can be deduced therefrom, for the 
reason that the temperature is hardly ever 
observed in case of water—the observations are 
too few, the nature of the surface is not specific- 
ally defined, many of the observations have been 
made under working conditions and are vitiated 
by the effects of joints and bends and by inter- 
ference due to impulses, liberation of air due to 
large changes in pressure. 


The most extensive and the most carefully 
conducted experiments on a commercial scale 
are those of Darcy and Bazin, and although they 
fall short of the requirements as a standard of 
reference, some of them, as well as the work of 
other experimenters, come in useful for the 
purpose of illustrating some of the principles 
involved. 


Fortunately, we are in possession of a con- 
sistent series of experiments conducted with 
care and precision and directed toward the single 
object of proving or disproving the aforesaid 
mathematical deductions. There are the experi- 
ments already alluded to conducted by Dr. 
Stanton at the National Physical Laboratory. 
They were carried out on straight, smooth- 
drawn brass pipes without joints, thus enabling 
the surface characteristics to be determined free 
from other considerations, whilst the range 
satisfied all requirements. Five different 


* Kaye and Laby: Physical and Chemical Constants. 
Green, 1911, p, 22 


Longman 
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diameters of pipes were used, viz., 0°144’, 
0°28”, 0°493”, 4:96” ; the surface was of the same 
character in each case, and according to the 
underlying principle of similarity, the values of 
R/ev? should not coincide for the same values 
of vd/v. 


As a matter of fact, the values lie within a 
narrow band within the limits of error, showing 
that the difference in diameter is not great 
enough to reveal the principle distinctly ; there 
are indications on the chart published with the 
original paper that the principle mentioned is 
in operation, as the reading shows a greater 
dispersion towards the lower values of vd/v, 
which is what one might expect. 


A curve drawn through the mean of Dr. 
Stanton’s observation is reproduced in Curve A, 
Fig. II., with log. vd/v as abscisse, and in 
Curve A, Fig. III., with log. vp/v as abscisse, 
herewith, except that the ordinates represent 
values of 7.s/v” instead of r.s.g/v?, the numbers 
being reduced in the ratio of 1 to 32°2. It may 
be remarked here that as the dimensions of both 
sides of the equation are unity, the numerical 
values of vd/v and R/ev* or its equivalent 
r.s.giv® are the same in both C.G.S. and the 
English systems, provided that absolute units 
are employed, but if gravitational units are 
desired, then the ordinates become divisible by 
g either in cms. per second or feet per second, 
according to the system employed. The 
observations extended practically throughout 
the whole range of the curve as plotted in 
Fig. IT., that is to say, from log vd/v = 3°4 to 56, 
and in order to obtain this great range, very 
high velocities were employed and both air and 
water used in the experiments. 


Tn addition to Stanton’s observations, we have 
another extensive series of experiments carried 
out by Landert with both steam and water, in 
drawn steel pipe 0°42 in. diameter. 


The curve through the observations made is 
shewn in Fig. II. and marked “ B,” the actual 
observations extending from log. vd/v = 3°7 to 
log. vd/v = 5°7.. The curve is also shown in 
Fig. IIT., against log. vp/v as abscissz. 

We have now two basic curves, viz., A and 
B, on small pipes with two different surface 
characteristics defined as smooth drawn 
brass pipe and drawn steel pipe, and in- 
asmuch as the diameters are of the same 


tC. H. Lander : Surface Friction: Experiments with Steam and 
Vol. 92, rp. 337-53, 1916. 


Water in Pipes. Proc. Roy. Scc., A- 


= 

i 

allt 


ENGLISH ELECTRIC JOURNAL 


THE 


SNUYV3SIS B 13 146 LINGNOD AYNEANS xxx 


NIZVS — 3GIM ‘id SHONOYL GOOM GANWIdNN OOO 


ADYWG — S318G3d HLIM GANIT ‘14% YWINDUIDINAS +++ 


— $31983d HLIM G3NIT 30GIM 149 TISNNVHD 


Sta 


| | | 
| 


152 | 

SR 

ae 

| 

a | z 

4 

° 

| 

AM 

§ 

| 

EH 


THE ENGLISH ELECTRIC JOURNAL 


order of magnitude, we have in accordance 
with the underlying principle a direct com- 
parison of surface characteristic. With these 
two curves as standard of reference, and with 
some rough scale of roughness, a very good 
estimate of the value of ¢ in Chezy’s formula 
V — Cvrs at the particular value of vd/v or 
up v desired should be attainable. 


An approximation to a scale of roughness is 
obtained by utilizing some of the more authenti- 
cated and extensive of the experiments carried 
out on a commercial scale. There are two such 
series available—one on asphalted C.1. pipes, and 
the other on brick-lined conduits. The first* 
relate to the 40” and 44” pipe lines between 
Thirlmere and Manchester, the 48” Blane Valley 
Siphon of the Loch Katrine conduit, and the 
48” Rosemary Siphon of the Sudbury conduit. 
These are plotted on Fig. II. against log. vd/v 
and marked ‘“‘C.”” The second setf relate to the 
Sudbury conduit. This conduit is horseshoe- 
shaped in section 9’ by 7’ 7”, with a hydraulic 
mean depth varying from 0°557 to 2°359, and is 
lined with hard brick, smooth faced, with well- 
made mortar joints, and is 9,494 ft. in length 
The observations made by Fteley and Stearns 
are plotted in Fig. III. against log. vp/v and 
marked “ E,”” and on regarding these experi- 
mental results in relation to curve ‘‘ A,”’ we are 
justified in making the following deductions. 
Having regard to the principle of similarity, the 
irregularities and asperities of the asphalted 
surface on a pipe of 40” to 48” and of the brick 
surface with mortar joints on a large conduit, 
are a little greater in proportion to size than the 
ratio of dimensions of the pipe and conduit with 
respect to the dimensions of the smooth brass 
pipes. 

We have now three values on the scale of 
roughness which we are seeking, viz., a surface 
defined as smooth-drawn brass on a diameter 
of about 0°5” or a hydraulic mean depth of 1°96, 
an asphalted C.I. surface on 40” to 48” pipes, 
and a surface defined as hard brick with mortar 
joints on a section of a hydraulic mean depth 
of 0°557 to 2°359. Any section of intermediate 
dimensions will have a proportional degree of 
roughness in order that the observations should 
lie on the same curve, bearing in mind that the 
surface of the C.I. pipe and the brick-lined 
conduit are somewhat rougher than required by 
the law of similarity. 


* Barnes : Hydraulic Flow Reviewed, Spon. 1914, p. 50-51. 
t Idem, p. 75-77. 
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We have another series of experiments which 
fulfil the conditions in regard to the number of 
observations and the care with which they have 
been made, and which lie in the vicinity of 
curve “ B.”’ These experiments were made by 
Darcy and Bazin* on rectangular test channels 
of unplaned boards ; the hydraulic mean depth 
of the section varies 0°146 to 0'991. The results 
are plotted on Fig. III., and are marked “ F.”’ 


Inasmuch as the dimensions of the channel 
varied considerably, as indicated above, whilst 
the surface remained the same, the values do 
not coincide, being therefore in conformity with 
the underlying principle upon which the law is 
based. The divergence is greatest for low values 
of vp/v, which is also what might be expected. 


Regarding these results in their relation to 
Curve B for drawn steel pipe for which r= 1/114, 
we see that the form of the curve is widely 
different, due, presumably, to the rectangular 
form, the contact between the upper surface and 
the air and the shallowness of the water at low 
values of vp/v. At higher values the principle 
of proportionality apparently applies. The 
difference in character of the curve for a circular 
and rectangular shape is revealed in the results 
plotted in Fig. III., representing tests by Bazin 
on a semi-circular trough and rectangular trough 
lined with pebbles and marked G and H re- 
spectively. This class of surface is evidently 
much rougher in proportion to size than the 
surface represented by B. The same remarks 
apply to the tests on riveted pipe, the results 
of which are plotted on Fig. II. and marked D. 
These were all taken on asphalted pipes 4 ft. 
in diameter, and show considerable divergence 
both in form and in values, due, presumably, 
to the plating and riveting being different, and 
possibly also to the deterioration of the surface. 
These observations were made by Herschel at 
different times and on different parts of a long 
pipe line.t 

So far nothing has been said regarding an 
equation to the curves A and B, neither is an 
equation necessary or desirable, generally 
speaking ; in fact, such attempts are very much 
to be deprecated, and there is no more need of 
an equation in this case than there is for an 
equation to the Stress-Strain curve in mechanics. 
As already stated, what an engineer needs to 


* Kutter: Flow of Water, Wiley and Sons, 1907, pp. 166-171- 
Barnes: Hydraulic Flow Reviewed, Spon. 1916, pp- 66-69. 


+ Marx, Wing, Hoskins : Trans. Am. Soc. Civ- Eng. 1898, Vol" 40» 
50l- 
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know is the approximate value of c to adopt 
in the formula v = cv rs corresponding to the 
value of vd/v or vp/y with which he is con- 
cerned, and this he can obtain very closely on 
regarding curves A and B and exercising his 
judgment with the aid of the plotted observa- 
tions or some other practical results with which 
he is acquainted ; and having determined the 
resistance due to the surface of the pipe, he 
should proceed to assess the other sources of 
loss of head, such as joints, bends, presence of 
air, and should also take into account the 
deterioration of the surface. 


Although for general purposes an equation to 
curves A and B is not necessary, yet it is useful 
for analytical purposes and as an indication of 
the nature of the changes in motion due to 
change of surface. 


Prof. Lees* has analysed the results of Dr. 
Stanton’s experiments, and finds that the 
equation to a mean curve drawn through the 


d 
points obtained by plotting R/ev? = ¢ & ) 


can be expressed in the following form :— 


vd \ 
where a, 6, and m are constants and have the 
values a = 0°0765, b = ‘0009, n = 0°35; so 
that the equation of the curve is expressed as 
follows :— 


rsg. 


\ 0:35 
0765 (54) 
The equation to curve “ A,” Fig. II., is derived 
from this by dividing by “g”’ = 32-2, and we 
have accordingly. :— 
vs ( vy \ 035 ; 98 
"002376 (54) “0000 
The equation to curve “ A” in Fig. III. being 
to a base of vp/v instead of vd/v, takes the 
following form, where p is the perimeter :— 


rs 0.35 
= 003546 + 000028 


v 

up 
the value of a being increased in the ratio of 
1 to = to the power of 0°35. 


*C. H. Lees: On the Flow of Viscous Fluids through Smooth 
Circular Pipes. Proc. Roy. Soc., A., Vol. 91, 1914, pp. 46-53. 
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As regards the steel pipe, Lander in the paper 
referred to has furnished the following values ot 
the constants, viz. :— 


v 0.44 
= 0141 2) 
and dividing g = 32:2, we have for the equation 
of Curve “ B,” Fig. II. :— 


+ ‘002 


0.44 
_ .04378 ) 
vd 


and for the equation of Curve “ B,” Fig. IIL., 
we have :— 


+ ‘000062 


+ -000062 


y \ 
On comparing Curve “ A” with Curve “ B,”’ 
and bearing in mind that a strict comparison ot 
surface characteristic can only be made with 
pipes of the same diameter, we see that for 
diameters of the same order of magnitude an 
increase in roughness alters the values of the 
two coefficients a and b, and also the value 
of the index n, and that the change in values is 
considerable for a surface difference represented 
by a smooth brass pipe and a drawn steel pipe. 


It is doubtful whether the foregoing formula 
fully expresses the real relationship between the 
quantities, although quite adequate for the 
conditions to which it is applied. Stanton+ 
found, for instance, that for a very rough pipe 
the values of R/¢ev* tended to rise after falling to 
a minimum, and the same phenomenon has been 
observed on plotting the results of experiments 
on some riveted pipe. 


The whole of the foregoing has reference to 
the fiow of fluids in the eddying state, because 
for most fluids at ordinary velocities under com- 
mercial conditions, with the exception of 
viscous oils, the flow is of the character above 
specified ; it is, however, necessary, for the sake 
of completeness, to refer to what is known as 
stream-line flow. 


It is well known, as the result of Osborne 
Reynolds’ investigations, that the flow of water 
or any other fluid assumes two different modes, 
the one in which the flow is linear and known as 
stream-line or viscous motion, and the other in 
which the flow is non-linear or sinuous, other- 
wise designated eddying or turbulent, and, 


.007244 ( 


+ T. E. Stanton : The Law of Comparison for Surface Friction, 
etc., Nat. Phys. Lab., Collected Researches, Vol. IX, 1913, pp. 1-7, 
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further, that the change from one state to 
another takes place at a critical value of a 
function of the velocity, some dimension which 
defines the surface, the density of the fluid and 
its viscosity, the value of which is the same for 
all fluids. 


In the linear state the relationship between 
the elements affecting the resistance to flow is 
simple in character, and is expressed as follows : 


(sa) 


R being in absolute units. 


Transforming from force per unit area to loss ot 
head per unit length per unit mass, we have :— 


If foot second units be adopted, we have 
=32°2 and 


7.$ v 
02484 (aa) 


A notable aid to analysis is that furnished by 
plotting log. ( 4 —b against log. ( oa) 


which gives us a straight line inclined at an 
angle of tan™' intercepting the axis of y at a 
value y=log a. Referring to Fig. IV., line 
AA represents the result of Stanton’s experi- 
ments; line BB represents Lander’s experiments, 
whilst SS represents stream-line flow 


_ ( It will be seen that these 
\ 

three lines meetin a region where the change 
takes place in the character of the flow as 
already explained. The lines do not meet in a 


point because the value of (= at which the 


change takes place is not exact, as it varies 
according to whether it is approached from the 
stream line or from the eddy current regime. 
On reviewing the foregoing from the stand- 
point of sufficiency for everyday requirements 
of the hydraulic engineer and, for the matter 
of that, of any other engineer, it will be 
seen that whilst he’ is now in possession of an 
independent variable symbolized in general by 
viv in terms of which to express R/pv* or 


THE ENGLISH ELECTRIC JOURNAL 


rs/v*, he is also in possession of two datum 
curves marked “A” and “B”’ on the charts, 
by reference to which he is enabled to select a 
probable value of “C”’ in Chezy’s formula 
v=cvrs for the particular value of vp/v in 
which he is interested; there is lacking the 
means of linking up the diameter or other 
dimension of the surface and the roughness of 
the surface. 


This could be remedied by experiments upon 
surfaces of plates immersed: in a current of water 
in accordance with a well-established method of 
conducting such experiments. The first model 
might consist of a polished slab of wood of 
certain dimensions, for which the values of 
Rev? are determined for given values of vl/y, 
Other slabs of different dimensions might have 
their surfaces roughened in different degrees by 
a coating of sand sifted to uniform size, say 
1/200, 1/100, 1/50, and so on, to 1/10 and 1/5, 
then the slabs would be subject to experiments 
directed to determining the dimensions of each, 
which would yield values which would be 
coincident with the values obtained in the 
experiment upon the polished model. We should 
then have a length “/” corresponding to a 
degree of roughness “,”’ say, specified by the 
sizes of the grain, and a basis for connecting the 
periphery of pipes or channels with ‘“ rough- 
ness,” and when this is done the engineer will 
be in possession of a surface factor or coefficient 
definitely associated with a surface dimension 
which will form a sure basis for estimating the 
friction head in pipes and channels, after which 
he proceeds to assess the other elements of loss. 
Considerable advantage would also accrue from 
experiments on pipes of the same order of 
diameter as used by Stanton and Lander, but 
with rougher surfaces conducted with the same 
degree of accuracy, but nothing is to be gained 
for the purpose in view from experiments in the 
field. 


I have elsewhere* summarized the present 
status of the subject in its more general aspects, 
and take this opportunity of repeating the same 
with some necessary corrections. The con- 
clusions are as follow :— 


1. The critical velocity, or the velocity at 
which a fluid changes from a linear state of flow 
to a sinuous state, is such that the value of 
vl/v is a constant. 


* E. Parry: Surface Friction of Fluids. N. Z- Jour. Science and 


Tech. 1618, pp. 154-156. 
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2. The distribution of velocity throughout the 
section of a pipe is such that the average 
velocity is a function of vd v, where v is the 
velocity of the centre filament. If the flow be 
linear, the ratio of the average velocity to the 
maximum at the centre is a constant, viz., 0°5. 
If the flow be sinuous, the relationship may be 
expressed by a curve, which tends to become 
asymptotic at a ratio of about 0°82. 


3. The value of rs v* is a function of vd/v for 
a wide range of values of v and of v; but as 
regards the diameter, the underlying principle 
demands that the roughness should be propor- 
tional to the diameter, which is a difficult con- 
dition to fulfil. Nevertheless, the results obtained 
by Stanton in his experiments on pipes varying 
from 0144” to 4°96” diameter, but having 
approximately the same surface-characteristic, 
fall sufficiently within limits of experimental 
errors, although it is not known how far these 
limits may extend if much larger pipes be 
included in the range of experiment. 


4. The function may for analytical purposes 


be expressed in the form* a ( =) +b; and 


experiments carried out by Landert on a steel 
pipe 0.423 in. diameter, indicate that for the 
same diameter a change in the surface-charac- 
teristic, making it more or less rough, causes 
a change in both a and b and in the index n. 


5. A study of the subject by plotting log. 


( against log. vd v would seem _ to 


\ 


indicate that only one observation is sufficient 
to determine the characteristics of a given 
surface, whilst Stanton’s experiments are sug- 
gestive of the idea that observation of the 
distribution of velocity in the pipe will also 


*C. H. Lees. Proc. Roy., Soc., A-, Vol. 91, p. 46, 1914. 
+ C.H. Lander: Proc. Roy. Soc-, A, Vol. 92, p. 337, 1916. 
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enable the surface-characteristic to be deter- 
mined without recourse to an extended series of 
experiments on long pipes. 


6. The possibility suggests itself, upon reading 
Stanton’s paper upon “ The Mechanical Vis- 
cosity of Fluids,”t of extending the usefulness 
of v by taking into account not only the 
physical viscosity proper, but also the turbidity 
of the fluid, and thereby including in its scope 
the case of water carrying silt and other matter 


in suspension. 


7. There is ground for believing that the form 
given in par. 4 does not hold for very rough 
surfaces on comparatively small pipes.§ 


t Proc. Roy. Soc., A-, Vol. 85, p. 369, 1911 


§$ Stanton: Law of Comparison for Surface Friction, Nat. Phys, 
Lab., Collected Researches, Vol. IX, 1913, pp. 1-7- 


TABLE I. 


Tabie of Viscosity as determined by Hosking,* 
with values of Kinematic Viscosity y in sq. cms. per 
sec. and in sq. ft. per sec. derived therefrom. 


M 
Dimensions of yu is ;-- conversion factor 14°88 


Dimensions ot y is T conversion factor 929:03 


Tempera- | v 
ture. C.G.S. |Grammes Sq. cms. oq. it. 
DegreesC. units. | per cubic per sec. per sec. 
cm. 
0 ‘01793 ‘99987 01793 00001931 
5 01522 ‘99998 01522 00001639 
10 ‘013105 -99973 ‘01311 00001411 
15 01142 ‘99911 ‘01143 00001230 
20 ‘011006; -99823 ‘01008  -00001085 
30 00800 ‘99567 00803 00000865 
40 00657 99220 00662 00000713 
50 00550 ‘98810 00557 00000599 
60 00469 98320 00477. 00000514 
70 00406 ‘97780 00415 | -00000447 
80 00356 ‘97180 00366 00000394 
90 00316 96530 00327 00000352 
100 00284 “95840 00296 00000319 


* Hosking, R.: “Viscosity of Water.'' Phil. Mag., 1909, 1,502; 2,260 


| Kaye & Laby, p. 22. 
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